Background: Clinical assessment of thumb motion is challenging, due to the complex anatomy and motion of the thumb. It is especially difficult to measure hand movement during activity, and to measure the effects of surgery that changes the morphology of the thumb. A three-dimensional model of the hand may enable clinicians to better assess prehension and thumb motion at baseline, and following surgical intervention. Methods: A kinematic model of the hand was developed to measure thumb and finger position during functional tasks, enabling the calculation of the volume of space in which prehension could occur. This method was validated by application to a mechanical model of the hand, and then applied to ten adult participants, using threedimensional motion analysis with a marker array developed for the purpose of this study. Findings: This method can be used to accurately measure three-dimensional thumb joint range of motion (RoM) and predicted functional workspace during functional activities. The thumb carpometacarpal joint was predominantly responsible for thumb position during functional tasks. Predicted functional workspace is proportional to hand morphometric measurements. Interpretation: A kinematic model of the hand measures thumb RoM and predicts functional workspace during functional activities.
Introduction
The thumb plays a critical role in hand function. Patients with impaired thumb structure or mobility, such as in thumb carpometacarpal joint arthritis (Dahaghin et al., 2005; Jones et al., 2001; Zhang et al., 2002) , stroke (Arner et al., 2008; Hunter and Crome, 2002) , contractures (Bayne, 1985; Flynn, 1956) , trauma (Van Oosterom et al., 2005) , and congenital hand differences (Manske et al., 1992) , have impaired ability to perform activities of daily living (ADLs). Conventional measures of thumb motion have been limited to qualitative assessments and static goniometric measurements (Cooney et al., 1981) . A method that measures thumb movement during activities provides objective information that is more likely to reflect the patient's level of disability than routine measures of body structure and function (World Health Organization, 2002) , such as static goniometric measurements and pinch strength. In addition, a method that measures the volume of the space in which fingers and thumb can interact, allowing prehension to occur (thumb functional workspace) could measure the effects of surgical treatments that change the morphology of the hand.
Three-dimensional (3D) motion analysis techniques have been used in the upper extremity to measure shoulder, elbow, and wrist function (Fitoussi et al., 2006; Mackey et al., 2006; Mosqueda et al., 2004; Petuskey et al., 2007; Wang et al., 2007) . A few studies have applied these techniques to measure hand motion (Buczek et al., 2011; Carpinella et al., 2006; Chang and Pollard, 2008; Goubier et al., 2009; Kuo et al., 2003; Kuo et al., 2009; Metcalf et al., 2008; Tang et al., 2008) . However, there is little information in the literature regarding a standard quantitative method to measure 3D thumb joint motion or functional workspace of the hand.
This study presents a 3D model of the hand to measure thumb and finger position. The model presented describes the angular motion of the thumb joint and incorporates a measure of the predicted prehensile reach space (functional workspace of the thumb) (Kuo et al., 2009 ). The overall goal of the development of this model is to create a method for clinicians to quantify impaired thumb motion and measure treatment efficacy in patients with congenital and acquired thumb conditions. The purpose of this study is to develop, validate, and assess the clinical feasibility of a novel kinematic model of the thumb for measuring thumb joint motion and the functional workspace of prehension.
Methods

Joints/segments of interest and degrees of freedom (Kontaxis Clin Biomech 2009)
The biomechanical model consists of four segments (hand, first metacarpal, first proximal phalanx, and first distal phalanx) whose local coordinate systems are used to calculate hand motion (Fig. 1, Table 1 ; Kontaxis et al., 2009) . Markers on the fingertips of the second, third, fourth and fifth digits are used to track finger position. To describe the thumb joint motion, conventional definitions of planes and terminology about the thumb were adopted (Buterbaugh and Smith, 1994) . The thumb interphalangeal (IP) and metacarpophalangeal (MCP) joints were modeled as hinge joints that contribute primarily to flexion-extension motion. The thumb carpometacarpal (CMC) joint was modeled as a saddle joint with two degrees of freedom related to flexion-extension and abduction-adduction.
Marker set-up and placement positions
A twelve-camera motion analysis system (Motion Analysis Corporation, Santa Rosa, CA USA) was used to capture kinematic data at 120 Hz. Twelve retroreflective markers (diameter = 5 mm) were placed on the thumb, fingers and hand ( Fig. 2 ; Appendix A). Each marker was placed to record the 3D position of key anatomical landmarks (Table 2 ). The markers were placed to measure thumb, finger, and hand motion with the positions as: (1) centered on dorsal surface at base of thumb metacarpal; (2) centered on dorsal surface of thumb metacarpal head; (3) centered on radial surface of thumb metacarpal head; (4) centered on dorsal surface of thumb proximal phalanx head; (5) centered on distal thumb nail over the distal phalanx head; (6) centered on the distal index finger nail; (7) centered on the distal long finger nail; (8) centered on the distal ring finger nail; (9) centered on the distal small finger nail; (10) centered on the dorsal surface of the base of the index finger metacarpal; (11) centered on the dorsal surface of the head of the index finger metacarpal; (12) centered on the dorsal surface of the head of the long finger metacarpal.
Segment coordinate systems and angles
Marker position data were collected during motion analysis testing relative to the laboratory's global coordinate system. In order to describe motion within the standard planes of the hand, locally defined joint coordinate systems of the hand and thumb were generated. These were defined by calculating offsets from markers to estimated joint centers. The method described within this model applies techniques that have been used reliably in upper and lower extremity kinematic models to determine joint centers (Bell et al., 1990; Rab et al., 2002) .
For each joint coordinate system, the axes were defined with x-axis pointing radial, z-axis pointing distal, and the y-axis orthogonal to the plane of the hand (Fig. 1B) . The offsets to the joint center were calculated as a fraction of the distance between two markers (Table 1 ; Appendix A). The magnitude of offsets was determined by direct measurements from adult participants and from anthropomorphic data of hand measurements (Alexander et al., 2010; Snyder, 1977) . Segmental motion was then defined as the distal segment relative to the proximal segment in the locally established joint coordinate systems (Table 2) . Fingertip marker position and the thumb CMC joint motion were measured relative to the local coordinate system generated from the dorsum of the hand (Kuo et al., 2003) . 2.4. Activities to be measured: determining functional workspace Kuo et al. (2009) defined the functional workspace of the thumb as all points in space where the thumb-tip and each fingertip can contact each other. For this study, the thumb functional workspace was calculated by determining the intersection of thumb and fingertip range of motion (RoM); subjects were instructed to move their thumb and fingers through their entire RoM (Fig. 2 and Appendix B). The motion data were then used to generate point cloud of the motion path for the thumb ( Fig. 2A ) and each fingertip (Fig. 2C ). Custom MATLAB software (Natick, Massachusetts, USA) was then used to generate the 3D shell enveloping these data points (Fig. 2B and D) . The volume of points within each shell was then interpolated. The shared data points between the thumb and fingertip volumes were calculated and represent the points of potential prehension (Fig. 2F ). The resulting volume is defined as the thumb functional workspace.
Kinematic refinements: joint range of motion and algorithm accuracy
A rigid articulated model of the hand, fingers, and thumb was used to perform an analysis of algorithm accuracy. The model was scaled to the size of an average adult male hand, and constructed from wood and designed to allow movement through hinges placed at the approximate joint centers in the flexion-extension planes of the thumb IP and MCP joints. At the thumb CMC joint, two hinges were affixed to allow flexion-extension and abduction-adduction. The device was placed in the motion system's field of view and a sequence of static thumb positions was recorded. The selected thumb positions incorporated rotation about multiple joints and axes (e.g. CMC abduction followed by CMC flexion and MCP flexion). Data were collected for one-second intervals at 15-degree incremental positions from 0 to 90°. Each trial was performed 3 times. The angle of each joint was averaged over the course of the observed one-second data collection period. The error in RoM measured was calculated as the difference in the expected joint angle as measured by a goniometer and the calculated joint angle by the kinematic model. To study the sensitivity of our method of joint center estimation, the calculated position of the model joint center was perturbed by ± 0.5 cm along each of the three coordinate axes, one axis at a time, and the thumb CMC position was recalculated (Table 3 ).
Kinematic refinements: volumetric algorithm accuracy
The volumetric measurements use two algorithms that (1) calculate the volume of thumb or finger reach space and (2) calculate the functional workspace as the intersection of two volumes (thumb and fingertip reach spaces). These algorithms were validated by capturing motion data for known volumes and comparing to calculated volumes. To validate algorithm 1, a marker was moved along a cord of known length through a half sphere of motion (Fig. 3A) . For each trial, the marker was moved from 0 to 180°starting at the top of the half sphere and stepping down approximately 10°after each half revolution until reaching the bottom of the half sphere. Each trial was repeated five times. This was then repeated for five total radii of motion: 6.0 cm, 18.5 cm, 38.5 cm, 58.0 cm, 78.0 cm. Custom MATLAB software was used to calculate the hull overlying the captured data points for each trial using Delaunay triangulation (Fig. 3B) . The volume within this shape was then calculated for comparison with the predicted value based on the cord length. To validate algorithm 2, the data points from trials with cords of differing lengths were overlaid upon each other (Fig. 3C) . The custom MATLAB software was used to determine the points of overlap and output the volume of non-overlapping points (Fig. 3D) .
Range of thumb motion and functional workspace in normal adults
After institutional review board approval, ten participants (five male; average age 28 ± 3.1 years) with no history of upper extremity injury or surgery were recruited as a sample of convenience to serve as control participants. Informed consent was obtained for this study. At enrollment, participant demographics (sex, age, height, weight) and hand morphology (finger segment [phalanx] length, hand length, hand width measured clinically, with a tape measure) were recorded. The study hand was identified as the participant's dominant hand (10 righthand dominant). Total active ROM of the thumb IP and MCP joints were measured in flexion (F) and extension (E) as well as thumb CMC radial and palmar abduction with a conventional goniometer according to standard technique (Green WB, Heckman JD. The Clinical Measurement of Joint Motion. American Academy of Orthopaedic Surgeons, 1994; Rosemont IL.) Markers were affixed as previously described.
With markers attached, a static neutral positional data was collected to define the initial relative position of each segment of the model. The neutral position was defined with the thumb in the plane of the palm in a position of radial adduction with MCP and IP joints neutral. Each participant then performed a series of trials to measure maximal dynamic ROM of the thumb and motion of the finger-tips: thumb flexion (F), extension (E), opposition (O), radial abduction-adduction (AA), and palmar AA; finger F, E; total thumb ROM; and Kapandji score (Kapandji, 1986) , which scores the ability of the subject to touch the pad of the thumb to the pads of each fingertip.
Following ROM trials, 12 activities were performed from a neutral position. Tasks were chosen to represent the types of thumb grasp for common activities of daily living (ADLs): tip pinch (pick up paperclip, pick up penny, pick up paper); tripod pinch (pick up small ball, pick up bottle cap); lateral pinch (grip key); cylinder grip (pick up cup, pick up soup can) and spherical grip (pick up tennis ball) ( Table 4) . Several of these tasks are components of the Jebsen-Taylor Hand Function Test (Jebsen et al., 1969) . Each trial was performed three times and participants were instructed to complete each activity in their own way and at their own pace.
The point of task achievement (PTA) was defined as the terminal point for completion of a task. For example, for the pick-up paperclip task, the PTA was when the participant first grasped the paperclip to pick it up. Joint angle values were recorded for entire tasks and analyzed with the PTA. The positions during activity trials were expressed as mean minimum ROM, mean maximum ROM, and mean PTA for each task (Table 5 and Fig. 4) .
The total thumb reach space and functional workspace of the thumb Table 3 The mean error with (standard deviation) for thumb joint range of motion (in degrees) for validation testing with a rigid articulating model of the hand. Each joint tested joint moved through 15°increments from 0°-90°. The static position of non-tested joints was fixed in either 0°or 45°of position. was determined for each composite ROM trial as described above.
Statistical analysis
Descriptive statistics for thumb joint ranges of motion and volumetric measurements were calculated. Percent agreement between goniometric measurements (expected values) and 3D measurements (observed values) is reported as (expected value -observed value) / expected value. One-way analysis of variance (ANOVA) was used for multiple pairwise comparisons in RoM data. Intra-participant variability as defined by the coefficient of variance (CV) was the ratio of the standard deviation to the mean for each volumetric measurement. Significance was set at p < 0.05 a priori. Post hoc tests were performed with alpha value for ANOVA = 0.05, using the Bonferroni correction for multiple comparisons (alpha = 0.005) see Table 5 for details.
Results
Joint range of motion and volumetric algorithm accuracy
The mean errors in joint RoM for flexion from a neutral position were 1.3°(SD 0.9°), 2.3°(SD 0.8°), and 2.2°(SD 0.8°) for the CMC, MCP, and IP joints respectively. The mean error in joint RoM for CMC joint abduction was 2.0°(SD 1.3°). The mean errors for joint RoM with other joints not in neutral position were 1.3°(SD 0.9°), 2.9°(SD 0.7°), and 1.8°( SD 0.5°) for the CMC, MCP, and IP joints respectively (Table 3 ). The mean errors were very small (< 5°) and unlikely to be clinically significant.
The mean percent error between the calculated and predicted volumes of half-sphere motion for algorithm 1 was 3.4% (SD 5.7%). The mean percent error for each cord length was 3.4% (SD 5.7%), 8.3% (SD 8.0%), 1.5% (SD 0.8%), 0.8% (SD 0.5%), and 1.4% (SD 1.3%) for the sphere radius lengths of 6.0 cm, 18.5 cm, 38 cm, 57.5 cm, and 78.0 cm, respectively. There were no significant differences between the calculated and predicted volumes for algorithm 1. The mean percent error between the calculated and predicted volumes for algorithm 2 was 3.5% (SD 3.6%). There were no significant differences between the calculated and predicted volumes for algorithm 2.
Thumb joint range of motion in normal adults
Thumb ROM data for each type of task are shown in Table 5 . Of the 5 types of pinch/grip tested, cylinder grip showed significantly greater ROM in IP and CMC joints. There was no significant difference in MP flexion and extension, and CMC flexion and extension, amongst the pinch/grip types (see Table 5 ). The points of task achievement data are similarly shown in Table 6 . Overall, the CMC joint utilized more of its total ROM (F/E 59.6%, Ab/Ad 50.9%) compared to the IP (F/E 29.6%) and MP (F/E 24.3%) joints. This finding was consistent across all tasks.
Figs. 4-7 depict bar graphs for each joint representing the ranges in joint motion required to perform each type of task. These show maximum, minimum, PTA (horizontal line), and one standard deviation for each task.
Thumb reach space and functional workspace in normal adults
Thumb reach space and functional workspace mean volume data for each participant are shown in Table 7 . The coefficient of variance was 7.5% for the thumb reach space and 12.5% for the functional workspace.
Discussion
This study presents a method to quantify the three-dimensional ROM of the thumb joints and potential volume of prehension. A kinematic model of the hand was developed to measure thumb and finger position during functional tasks, enabling the calculation of the volume of space in which prehension could occur. This method was validated by application to a mechanical model of the hand, and applied to ten adult participants, using three-dimensional motion analysis with a marker array developed for this purpose. We found that this method can accurately measure three-dimensional thumb joint RoM and predicted prehensile volume, or functional workspace.
Clinical assessment of thumb motion is challenging given the complex anatomy and motion of the thumb, and the fact that many surgical interventions, such as first webspace deepening, ligament reconstruction and tendon interposition for thumb CMC arthritis and thumb MP Table 5 Thumb joint maximum and minimum ROM during five types of ADLs. Joint motion reported as mean value with standard deviation in parentheses. (IP = thumb interphalangeal joint; MP = thumb metacarpophalangeal joint; CMC = thumb carpometacarpal joint). Post hoc tests (see Section 2.8) showed that for IP flexion and extension, cylindrical grip range of motion was greater than tip pinch range of motion (p = 0.002) or tripod pinch (p = 0.001). For CMC pronation and supination, cylindrical grip range of motion was greater than lateral pinch range of motion (p = 0.005). For CMC abduction and adduction, cylindrical grip range of motion was greater than tip pinch range of motion (p = 0.001), tripod pinch range of motion (p = 0.003), and spherical grip range of motion (p-0.001). (9) 25 (4) 25 (4) 23 (6) 22 (3) 22 (5) MP extension −15 (11) 7 (6) 4 (5) 6 (5) 2 (6) 1 (6) CMC flexion 46 (5) 41 (4) 40 (4) 33 (7) 42 (5) 38 (7) CMC extension −14 (5) 6 (6) 4 (5) 7 (8) 4 (6) 5 (6) CMC abduction 25 (5) 12 (4) 12 (4) 11 (5) 25 (7) 16 (6) CMC adduction
joint arthrodesis, change the morphology of the thumb. Some thumb reconstructive operations, such as toe to thumb transfer and index pollicization, changes the shape of the hand so drastically that it is difficult to compare standard objective measures before and after treatment. The technique we have described and validated here provides accurate measurement of thumb motion, which may aid in clinical decision making, and quantifies the volume of prehension, which provides a new potentially useful measurement of thumb function that can be compared across conditions and after operations that change morphology. This technique could be applied using standard motion analysis equipment and software. A few studies have examined in vivo kinematics using 2 dimensional radiographic techniques (Miura et al., 2004) . More recently, computer tomography has emerged as an accurate method to measure kinematics of the thumb (Crisco et al., 2015; Goto et al., 2014; Halilaj et al., 2014; Su et al., 2014) . While these provide valuable insight into thumb motion, they are limited in their routine clinical application due to radiation exposure. They also usually provide sequential static measurements during simulated activities rather than dynamic motion measurements in real-time, which is a strength of 3D kinematic measurement of thumb functional workspace, as described and validated by our study. Three-dimensional motion analysis techniques used for conventional analysis of the lower extremity have been adapted for the upper extremity, including several models for measurement of hand motion. However, these have not been applied outside of small studies (Buczek et al., 2011; Carpinella et al., 2006; Chang and Pollard, 2008; Goubier et al., 2009; Kuo et al., 2003; Kuo et al., 2009; Metcalf et al., 2008; Tang et al., 2008) . The model presented in this study has builds upon these prior studies, combining several key features. First, motion of the thumb CMC joint is measured as initially described by Cooney (Cooney et al., 1981) , and thumb and finger motion are referenced to a handbased coordinate system, rather than affixing the hand to a reference frame (Kuo et al., 2004; Li and Tang, 2007; Tang et al., 2008) . This allows capture of activity-based hand motion. by a health condition, but measurements of activity help us understand the impact of this impairment on the patient's ability to perform daily tasks. There are few reproducible methods of measuring motion during activities. Second, the model decreases marker error and interference by minimizing the number of markers (Buczek et al., 2011; Carpinella et al., 2006; Metcalf et al., 2008) , decreasing marker size (Goubier et al., 2009) , eliminating marker clusters (Goubier et al., 2009; Kuo et al., 2004; Lin et al., 2011; Tang et al., 2008) , and placing markers on key anatomic landmarks. Third, the model also describes the motion of the thumb joints about clinically relevant planes of motion, similar to those previously reported in the literature (Barakat et al., 2013; Cooney et al., 1981; Goubier et al., 2009; Halilaj et al., 2014; Li and Tang, 2007; Lin et al., 2011; Surgeons, 1965) . We found that during completion of functional tasks, the CMC joint contributes predominantly to thumb position, similar to previous motion analysis (Lin et al., 2011) and radiographic studies (Halilaj et al., 2014; Luker et al., 2014) .
Measurement of the potential volume of finger and thumb contact may be useful for clinical assessment of patients with hand conditions. Previously, Kuo (Kuo et al., 2004; Kuo et al., 2009 ) defined the functional workspace of the hand as the area of points in space that the thumb-tip and each fingertip can contact each other. The model presented in this study expands Kuo's concept, by interpolating the volume of space of intersection of the thumb and fingers, rather than predicting a conically shaped thumb volume from a single circumduction task. Similar to the results of this study, Kuo et al. found a relationship between the measured workspace of the thumb and finger or thumb length. For the purpose of this study, hand length is used as a correlate for predicted functional workspace. This enables this model to assess deficiencies in thumb motion in pathologic states, such as seen in children with congenital thumb hypoplasia.
Study limitations
This study has several limitations. First, we studied normal thumbs of young adult participants, which may limit applicability of our results to other populations. Second, joint motion is determined indirectly, using surface markers. This method is subject to theoretical errors due to soft tissue artifact between the skin, soft tissue, and bone. The degree of measurement error in this model due to soft tissue artifact is unknown, but is likely small due to the thin soft tissue of the hand. Third, this model also describes movement of the thumb metacarpal relative to the hand as a proxy to measure thumb CMC motion. This is due to the relative difficulty of applying surface markers to the trapezium. This model also describes motion of the thumb carpometacarpal joint within orthogonal planes. While these are useful for modeling and intuitive understanding of motion, they may not capture motion along the true anatomic planes of motion of the thumb CMC joint (Crisco et al., 2015; Hollister et al., 1992) . Lastly, the offset measurements for joint centers used in this study are based upon estimated joint centers from morphometric surface measurements.
Conclusion
This study presents the development, validation, and application of a noninvasive biomechanical model for measuring thumb kinematics and the functional volume of hand prehension. Future studies will apply this model to measure thumb motion in patients with congenital and acquired hand conditions. 
